It is generally accepted that physical entanglements are essential to explain some mechanical properties of polymers, like viscoelasticity. The current view is that entanglements behave as dynamic links that are destroyed and created in time. It is less clear whether entanglements could alternatively produce local and stable links, with similar effects to chemical bonds. Here we show that local and stable entanglements, that we call physical pseudo-knots, exist and are formed with high probability in helical structures. The energies required to create and destroy physical pseudo-knots can differ by at least one order of magnitude. Together with their localized nature this makes them controllable, opening the possibility for a wide range of applications in material science, nano-and biotechnology. Physical pseudo-knots can also have implications in living systems, that may use them, or try to avoid them and hence be related to disease.
It is generally accepted that physical entanglements are essential to explain some mechanical properties of polymers, like viscoelasticity. The current view is that entanglements behave as dynamic links that are destroyed and created in time. It is less clear whether entanglements could alternatively produce local and stable links, with similar effects to chemical bonds. Here we show that local and stable entanglements, that we call physical pseudo-knots, exist and are formed with high probability in helical structures. The energies required to create and destroy physical pseudo-knots can differ by at least one order of magnitude. Together with their localized nature this makes them controllable, opening the possibility for a wide range of applications in material science, nano-and biotechnology. Physical pseudo-knots can also have implications in living systems, that may use them, or try to avoid them and hence be related to disease.
Given the widespread existence of helical structures in nature, understanding how they are formed 1 and what their physical properties are can be of great interest. Here we will show that entanglements in helical structures can have special properties, different from the viscoelastic behaviour found in other polymeric materials. These stable entanglements are formed under very common conditions (please see ESI † video 1) when two helices are intertwined, and a loop of one helix is forced to pass inside a loop of the other helix by rotation (Fig. 1) . Then, a loop of the outer helix is slightly extended while it slides over the inner helix, which is compressed. The helices contact at 3 points constraining each other's movements (Fig. 1b) : at a central point (the center of rotation) and at two lateral points highlighted in Fig. 1b with red arrows. This configuration is approximately symmetrical and all forces involved can be in equilibrium. If the rotation goes beyond a certain angle, then one constraint is overcome at one of the lateral points. In Fig. 1b this happens near a point around the bottom red arrow. Then the equilibrium of forces is disrupted and one helix slides quickly to that side (Fig. 1c) . At this moment the two helices form an entangled configuration. Reversing this movement using (non-local) forces acting at the coil ends is rare under random agitation. This is illustrated in Fig. 1d where an attempt to reverse the entanglement by stretching the green dotted helix is easily constrained by the red dotted helix. Quite generally, pushing the green dotted helix produces a momentum due to the entanglement around the green dot, which further entangles the two helices. Hence, reversing the entanglement path after the asymmetry has been created becomes very difficult. This mechanism resembles a ratchet effect.
2 Perfect ratchets (i.e., ratchets that completely forbid the movement in one direction) have long been used in man-made devices, as the carabiner hook, where through a small displacement and little energy a permanent link is formed. Ratchets may also be imperfect and yet produce important stochastic effects with implications in biology. 2, 3, 4 It should also be remarked that the helical topology constrains the movement of the entanglement within the range of one helical pitch. Hence, these entanglements are different from the common entanglements described in the literature, which may be dynamically released and are usually described by reptation models. 5, 6 We call these stable entanglements physical pseudo-knots (PPKs). PPKs require physical constraints instead of chemical bonds as in chemical pseudo-knots, 7 also their considerable stability resembles a topological constraint similar to those formed with localised knots. 8 However, PPKs are not true knots as continuous deformations can untangle them.
As illustrated in Fig. 2 , not all helical structures can form PPKs. If the helical pitch is too small the helices cannot be intertwined. For identical helices, their helical pitches h 0 should be larger than twice their thicknesses d. Hence, when h < 2d helices behave like rods of radius R + d. Beyond a critical helical pitch h c helices behave as wavy wires and cannot form PPKs. Only if 2d < h < h c , PPKs can be formed.
A simple general argument allows finding h c . When one helix rotates into the other (Fig. 1a) , non-trivial constraints appear if the distance L of a given point to other points on the perimeter of the helix has local non-zero maxima and minima (Fig. 3a) . In this case, for each helix there are non-equivalent points at the same distance from the common center of rotation (for example, points A and B 0 in the red helix in Fig. 3b ). Consequently, there are two points, A 0 and B, on the green helix that oppose the red helix rotation at, respectively, the non-equivalent points A and B 0 . Using the helix equation r ! ¼ ðR cost; R sint; h 0 t=2pÞ, we calculate the square distance from the origin at t ¼ 0 as: In the PPK regime, two contacting helices can potentially form a PPK with a non-negligible probability. Intertwining requires that the helices approach each other along a certain angle. A simple argument allows estimating the intertwining probability. Consider the projection of two helices with axis parallel to the plane but tilted with respect to each other by the angle q c (Fig. 4) . This is the maximal tilt angle q for which the helices can slide inside one another perpendicular to the plane and be intertwined. Each loop of the helix appears as a wedge with an opening angle :ABD ¼ g given by tan(g/2) ¼ h/ 4R. For identical helices, AC and BD have equal length. With AB and DC being approximately parallel, the angles q c x :BAC and g coincide. Thus we may estimate the probability of forming a PPK between two approaching helix segments by P ¼ g/p. For the springs used in our experiments this simple argument gives P $ 30%. Furthermore, the periodicity of the helices gives any contact a chance to form a PPK. These high probabilities explain why we can easily form PPKs by randomly shaking a set of mechanical springs.
PPKs are very stable structures. This means that the creation of PPKs and their destruction by non-locally applied forces can differ considerably in energy. The creation of a PPK requires increasing one loop radius by d. Hence the energy barrier is E c $ Ad 2 , where A is an elastic constant. Destroying a PPK is not so simple. An easy way to destroy a PPK requires stretching one or both helices, until h > h c (Fig.1b) . The energy involved in these elongations is of the order of E d $ B(h c À h 0 ) 2 per helix loop. Here B is another elastic constant, 9 which can be of the order of A. E c is considerably smaller than E d because typically h c À h 0 >> d, and also because destroying a PPK typically requires stretching several loops simultaneously (stretching is not applied locally as when a PPK is created). For example, if we assume that the number of loops involved is 10, for (h c À h 0 )/d $ 10, this implies E d /E c $ 10 3 . Using similar arguments, the ratio of the magnitudes of the forces required to destroy and create a PPK would be related by F d /F c $ 10. This argument may break down if the elastic constants do not obey the previous conditions. This case will be addressed in future work.
The previous predictions neglected the effect of dissipation. In order to test them in real systems, we performed conventional torsion Fig. 3 Topological arguments for the emergence of the ratchet constraint leading to PPK formation: (a) when h < h c there are 4 points at an equal distance to the origin, A 0 , B 0 for t < 0, and A, B for t > 0. When two helices are intertwined and rotate into one another, then the helices are constrained to touch at points A and A 0 (and B and B 0 ) that match in distance from the common center of rotation 0. This constraint is essential for the ratchet effect during PPK formation, and does not exist if h $ h c . Fig. 2 Phase diagram concerning PPK formation: depending on the helical pitch of the helix, three main phases can be defined. For h < 2d, the helices behave a wavy rods (left). For 2d < h < h c , PPKs can be formed (center). When h > h c , no constraints exist and helices behave as wavy wires. Fig. 4 Diagram used to estimate the probability that two randomly interacting helices can be intertwined: if the blue helix approaches the red helix along an angle 0 < q < q c , defined as the angle between the segments AC and AB, then the two helices can be interwined. The larger q c , the higher this probability.
and force-extension experiments on mechanical springs. Fig. 5a ,b show typical force-extension curves obtained for two different configurations. In Fig. 5a two vertically aligned springs are linked via a PPK, which is released after extending the springs vertically. In this case the PPK release is reversible, as the springs stay in the elastic regime. In Fig. 5b two horizontal springs are linked by a PPK and only the top spring is pulled. In this case the system can stand much higher forces, but the springs enter in a plastic regime. Finally in Fig. 5c we show a typical torsion-experiment curve, which leads to the formation of a PPK. Experiments in Fig. 5a and c allow estimation of E d and E c , by integrating the areas in each graph up to the point of PPK release/formation. We obtained a ratio of E d /E c $ 90. Hence, experimentally there are nearly two orders of magnitude between E d and E c , which is lower than the three orders estimated above. This is still considerable, if one compares with the energies in covalent and hydrogen bonds that typically differ by one order of magnitude, and yet lead to very different effects. It must be pointed out that it is also possible to create PPKs by reversing the mode of PPK destruction, i.e. by stretching beyond h c , crossing and then releasing the helices. This involves more energy than the process described above. However, it can be common in a coil-helix transition, or when the energies required to stretch an helix are small relatively to either thermal agitation or the energy involved in ATP / ADP conversion. This creation mode could take place with DNA or proteins, during the folding to the native configuration. However, it could not form PPKs on helical structures in already stable helical configurations.
The occurrence of stable local entanglements is complementary to the standard picture of entanglements, which is that of constraints that may be dynamically released. The latter picture has contributed a lot to the understanding of polymer dynamics in the reptation regime. 5, 6 Entanglements in structures allowing PPK formation, however, would be released on a very different time scale, if ever. As far as polymer dynamics is concerned, PPK formation on a large scale should induce a transition parallel to the sol-gel transition. We suggest that PPKs might be found in polymers with a secondary helical structure or for appropriately built proteins with corresponding tertiary structures. However, while it appears simple to highlight the effect of pure physical interactions with mechanical springs, the effects of physical and chemical bonds in real systems do not appear separately. It is possible that PPKs stabilize existing chemical bonds, just as existing chemical bonds may favour or prevent PPK formation. There may be many subtle effects from this possible interplay between physical and chemical bonds.
PPKs show that strong local bonds can be built and destroyed in a controlled way. This opens up the possibility for practical applications. Nanotechnology could use them to link pieces. 10 The textile industry can envisage new weaving processes, for instance generalizing felt-like production techniques. PPKs may also appear in biological systems. While it seems that DNA or protein alpha helices may be too compact to accommodate two helices intertwining, we observe some similarity between the force-extension curves obtained with PPKs and those of spider silk b-spirals 11, 12 and titin. 13 Further, we observe that twisting the helices, 14 a mechanism used in protein synthesis, also favours the appearance of configurations required for PPK formation. Hence, multi-protein complexes may form PPKs or analogous physical links. The formation of PPKs might also be disastrous for a biological system, in which case it can induce a disease. In this sense it would be interesting to know if amyloidrelated diseases can be linked to ratchet-like entanglements like the one we described. This could happen either during the misfolding of globular proteins into fibrils, or at the level of the entanglement between fibrils (which are known to have helical structures made of b-sheets). 15 Finally, these entanglements create special microenvironments, which could be targeted by specifically designed reagents. 
